Theoretical predictions of trends in spectroscopic properties of gold containing dimers of the 6p and 7p elements and their adsorption on gold Pershina, V.; Borschevsky, Anastasia; Anton, J.; Jacob, T. Take-down policy If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately and investigate your claim. Fully relativistic, four-component density functional theory electronic structure calculations were performed for the MAu dimers of the 7p elements, 113 through 118, and their 6p homologs, Tl through Rn. It was shown that the M-Au bond strength should decrease from the 6p to 7p homologs in groups 13 and 14, while it should stay about the same in groups 15 through 17 and even increase in group 18. This is in contrast with the decreasing trend in the M-M bond strength in groups 15 through 17. The reason for these trends is increasingly important relativistic effects on the np AOs of these elements, particularly their large spin-orbit splitting. Trends in the adsorption energies of the heaviest elements and their homologs on gold are expected to be related to those in the binding energies of MAu, while sublimation enthalpies are closely connected to the binding energies of the MM dimers. Lack of a correlation between the MAu and MM binding energies means that no correlation can also be expected between adsorption enthalpies on gold and sublimation enthalpies in groups 15 through 17. No linear correlation between these quantities is established in the row of the 6p elements, as well as no one is expected in the row of the 7p elements.
I. INTRODUCTION
The heaviest elements 113 through 118 are expected to be very volatile. The reason for that is very large spin-orbit ͑SO͒ effects on their 7p valence electrons making the 7p 1/2 AO less accessible for chemical bonding. 1, 2 The values of the sublimation enthalpies, ⌬H sub , or the formation enthalpies of gaseous atoms, ⌬H f ͑g͒, of the heaviest elements obtained via linear extrapolation in groups 12 through 17 are, indeed, the lowest in the respective chemical groups. 3, 4 Volatility is luckily one of the very few properties of the heaviest elements that can be studied experimentally. [5] [6] [7] These studies are usually performed with the use of the gasphase chromatography technique, whereby single atoms or molecules are adsorbed on the surface ͑usually a noble metal͒ of detectors located along the chromatography column. 7 The obtained adsorption enthalpies, ⌬H ads , are then related to ⌬H sub of macroamounts using an assumed linear correlation between them. 8 So far, such experiments with the use of gold plated detectors were performed for element 112, copernicium, Cn, and its homolog Hg. 9, 10 Recently, first experiments on volatility of element 114 were reported. 11, 12 The 7p elements 113, 115, and heavier are in the focus of future experimental gas-phase studies: several long-lives neutron-rich isotopes suitable for their chemical separation were recently discovered. 13 In our previous work, 14 we have estimated ⌬H f ͑g͒ of the 6p and 7p elements on the basis of the four-component density functional theory ͑4c-DFT͒ calculations for their homonuclear dimers, M 2 . A correlation between dissociation energies, D e , of M 2 and ⌬H f ͑g͒ in the chemical groups was used to deduce ⌬H f ͑g͒ of the heaviest elements. The new values were shown to be very close to those obtained via linear extrapolation from the lighter homologs in the chemical groups. Thus, we stick to the opinion that the 7p elements should be more volatile than their lighter homologs. This statement, however, concerns volatility as sublimation.
A principally different case is adsorption of these elements on metal surfaces, e.g., gold, where the M-Au interaction takes place. To predict ⌬H ads of elements 112, 113, and 114 and their homologs on various metal surfaces, 4c-DFT calculations for intermetallic dimers MMЈ ͑M = Hg, Cn, Pb, and element 114, and MЈ = group 10 and 11 elements͒, as well as for the M -Au n ͑1 Յ n Յ 120͒ systems were performed by us. [15] [16] [17] [18] [19] [20] It was shown 15, 19 that D e ͑MAu͒ and E b ͑M-Au n ͒ ͑E b is binding energy͒ decrease from Hg to Cn, while D e ͑M 2 ͒ increases in this direction. 21 Further on, −⌬H ads on gold ͑predicted 19 and measured 10 ͒ was shown to decrease from Hg ͑1.02Ϯ 0.03 eV͒ to Cn ͑0.54Ϯ 0.04 eV͒, 10 while the cohesive energy, E coh ͑equal to ⌬H sub ͒, was to increase from Hg͑s͒ to Cn͑s͒, according to the relativistic DFT band-structure calculations. 22 These different trends are due to the different nature of the M-Au and M-M interactions ͑M = Hg and Cn͒, i.e., intermetallic one in the former case and van der Waals in the latter. Thus, no correlation was established between D e ͑MAu͒ and D e ͑M 2 ͒, as well as between −⌬H ads and ⌬H sub in this group. ͑There are some other, predominantly DFT calculations for MAu and MAu n , where n=1-4 and 6. [23] [24] [25] [26] With the exception of In this work, we present a study of the M-Au bonding for the entire series of the 6p and 7p elements and make a comparison with the M-M bonding. We will pay particular attention to revealing trends in the groups and rows of the Periodic Table. The interrelation between ⌬H sub and ⌬H ads will also be discussed.
In the next section, we give a description of the method used. Results of the calculations and their discussion are given in Sec. III. Section IV contains discussion of the adsorption process followed by conclusions in Sec. V.
II. METHOD OF THE CALCULATIONS
For the calculations, we have used our four-component relativistic density functional theory method developed within the noncollinear spin-polarized formalism. 29 In this approximation, the total energy is given by the following expression:
with the density and magnetization m ជ expressed as
Here, n i are the electronic occupation numbers, r ជ and R ជ q are the electronic and nuclear coordinates, respectively, and B is the Bohr-magneton. The index i runs over all occupied molecular orbitals M, which are four-component Dirac spinors. The four-component spin-operator ⌺ ជ = ͑⌺ x , ⌺ y , ⌺ z ͒ is built from the two-component Pauli matrices ជ . The Dirac kinetic operator has the form
where ␣ ជ = ͑␣ x , ␣ y , ␣ z ͒ and ␤ are the four-component Dirac matrices in the standard representation and I is the fourcomponent unit matrix. V N represents the potential energy of the interaction of the electrons with the nuclei
where the index p runs over all nuclei in the molecular system, and V H is the electronic Hartree potential,
Application of the variational principle with the constraint of conservation of the number of electrons leads to the single particle Kohn-Sham equations in a noncollinear formulation
Here Ṽ H is the Hartree potential from a model density 29 and MЈ Ն M is the number of molecular orbitals ͑MOs͒. The noncollinear formulation allows the magnetization density to point in any direction at any point of the system under consideration. ͑A collinear spin orientation can also be treated with this method.͒ The relativistic local density approximation for E xc is used to achieve self-consistency. For nonlocal corrections, added perturbatively, the relativistic form ͑RGGA͒ ͑Ref. 30͒ of Becke's GGA for exchange ͑B88͒ ͑Ref. 31͒ and of Perdew's ͑P86͒ ͑Ref. 32͒ functional for correlation is used. Many other functionals such as PW91, PBE, TPSS, etc., are also implemented in the method, though we will focus our discussion on the B88/P86 results in order to be able to compare them with the previous.
In all the calculations, optimized numerical basis functions were used with an overall basis set error in the total energy ͑converged͒ below 0.01 eV. 29 Such basis sets, as in all our other publications, 17, [19] [20] [21] are the minimal sets of AOs plus some optimized "atomiclike" functions. Thus, for example, the basis set for element 117 is ͓Rn͔5f 5/2 5f 7/2 6d 3/2 6d 5/2 7s7p 1/2 7p 3/2 7d 3/2 7d 5/2 8s8p 1/2 8p 3/2 5g 7/2 5g 9/2 6f 5/2 6f 7/2 . Similar basis sets were used for other atoms. Total energies of open-shell systems were calculated via fixing the occupation numbers of MOs.
The MO composition was studied with the use of the Mulliken population analysis. 33 The accuracy of our methods ͑in comparison with experiment and other calculations, also for all the implemented exchange-correlation potentials͒ has been demonstrated in our early publications. 17, [19] [20] [21] Since, to our knowledge, there are no experimental data for the systems studied here, we can cite our earlier B88/P86 values for systems where experimental data are available, e.g., NiAu, R e ͑calc. 19 The quality of the calculations for M 2 ͑M = 6p and 7p elements͒ can be seen from the previous work.
14 As a rule, the B88/P86 R e values are in excellent agreement with experiment, while D e can be slightly, though systematically, overestimated.
III. RESULTS AND DISCUSSION

A. Atomic energy levels of the 6p and 7p elements
Atomic data are usually helpful in analyzing molecular properties. Figure 1 shows 4c-DFT energies of the valence electrons of the 6p and 7p elements, as well as of Hg and Cn in comparison with those of gold. One can see that increasing SO splitting of the np AOs, as well as increasing relativistic stabilization of the np 1/2 and destabilization of the np 3/2 AOs in the groups and rows ͑the latter is also partially an orbital effect͒, result in the fact that the valence 7p 3/2 AOs of the heaviest elements go in energy and spatial extension ͓see 
B. Electronic structures of MAu, where M = Tl/ 113 through Rn/118
The calculated dissociation energies D e , vibrational frequencies w e , and bond lengths R e of MAu ͑M=Hg/ Cn through Rn/118͒ are given in Table I . Binding energies of MAu in comparison with those of M 2 are also depicted in Fig. 2 . First of all, one can see that the shapes of the D e ͑MAu͒ curves follow those of the energies of the highest occupied AOs shown in Fig. 1 , which means that, indeed, the np 1/2 AO of elements Tl/113 and Pb/114 and the np 3/2 AOs of Bi/115 through Rn/118 define bonding and the trends. One can also see that in groups 13 and 14, D e ͑MAu͒ of the 7p elements are smaller than D e of the 6p homologs, in line with the trends in the energies of the np 1/2 AOs, while in groups 15 through 17, they are about the same. In group 18, a reversal takes place, so that D e ͑118Au͒ Ͼ D e ͑RnAu͒. This is in difference to the trends in binding energies of the homonuclear dimers, where
The following explains these unusual trends.
The case of group 12 elements Hg and Cn was discussed in detail in our previous publications. [15] [16] [17] [18] [19] We will just mention here that later publications [23] [24] [25] [26] agreed with our conclusions that D e ͑HgAu͒ Ͼ D e ͑CnAu͒. The 2c-DFT ͑BP͒ values 26 given in Table I found in Refs. 23-25͒. In the present publication, we will focus, therefore, on the properties of the gold dimers of the 6p and 7p elements. In TlAu and 113Au ͑0 ground state͒, the last electrons occupy the 1/2-bonding HOMO composed of the 6s 1/2 ͑Au͒ and np 1/2 ͑Tl/ 113͒ AO ͑see the MO composition in Tables II  and III Table I . A comparison with other calculations can be found in the latter reference.͒ The lower energies of the np 1/2 ͑Pb/ 114͒ AO in comparison with the np 1/2 ͑Tl/ 113͒ AO, respectively, less suitable for the bond formation with the 6s͑Au͒ AO, give an additional destabilizing effect in these dimers ͑Fig. 1͒. D e ͑PbAu͒ is larger than D e ͑114Au͒ due to the stronger relativistic stabilization of the 7p 1/2 ͑114͒ AO in comparison with the 6p 1/2 ͑Pb͒ AO ͑see discussions in Refs.
and 19͒. This trend is in agreement with
In BiAu ͑0 ground state; the next triplet state is higher in energy͒, the 1 / 2 ‫ء‬ HOMO is double occupied. The MOs of BiAu and energy levels as a function of the interatomic distance R are shown in Figs. 3͑a͒ and 4͑a͒, respectively. The MO composition is given in Table II . D e ͑BiAu͒ is somewhat larger than D e ͑PbAu͒, because the 6p 3/2 ͑Bi͒ AO donating electron density on the 6s͑Au͒ AO is higher in energy than the 6p 1/2 ͑Pb͒ AO ͑Fig. 1͒. 115Au ͑zero ground state͒ shows, however, a remarkable increase in the binding energy with respect to 114Au, so that its D e is almost equal to D e ͑BiAu͒. Analysis of the MO composition ͓Figs. 3͑b͒ and 4͑b͒ and Table II͔ shows that bonding in 115Au is principally different in character than that in 114Au and BiAu. In 114Au, the HOMO is composed primarily of the 7p 1/2 ͑114͒ and 6s͑Au͒ AOs and is of 1 / 2 ‫ء‬ antibonding character. In BiAu ͓Fig. 3͑a͒ and Table II͔ , the HOMO is a combination of the 6p 1/2 ͑Bi͒ +6p 3/2 ͑Bi͒ and 5d 5/2 ͑Au͒ AOs and is also of 1 / 2 ‫ء‬ character ͓see the increasing energy of the 6s 1/2 ͑Au͒ level with decreasing R in Fig. 4͑a͔͒ . ͓The next 1/2 MO below is a mixture of the 6s͑Au͒, 5d 5/2 ͑Au͒ and 6p 1/2 ͑Bi͒ AOs͔. In 115Au ͓Figs. 3͑b͒ and 4͑b͔͒, the HOMO is a mixture of the 6s͑Au͒ and both 7p 1/2 and 7p 3/2 AOs of element 115. This combination gives a full -bonding. ͓One can see a decreasing energy of the asymptotic 6s 1/2 ͑Au͒ level with decreasing R in Fig.  4͑b͒ .͔ Thus, the larger destabilization of the 7p 3/2 ͑115͒ AO in comparison with the 6p 3/2 ͑Bi͒ AO resulting in its better overlap with the 6s͑Au͒ AO changes the character of bonding in 115Au and brings its D e close to D e ͑BiAu͒. This is in a sheer contrast with D e ͑Bi 2 ͒ ӷ D e ͑115 2 ͒ ͑Fig. 2, see discussions in Ref. 14͒ .
In PoAu/116Au and AtAu/117Au ͓the MO schemes are similar to those of BiAu/115Au shown in Figs. 3͑a͒ and 3͑b͒ , except for the number of electrons͔, additional electrons fill in the next higher 3 / 2 ‫ء‬ -HOMO, so that D e decreases along the row ͑Fig. 2͒. D e ͑MAu͒ are, however, very close for the homologs in each group, in contrast with the decreasing D e ͑M 2 ͒. The reason for this is the same as in the case of BiAu and 115Au: the 7p 3/2 AOs of the heaviest elements overlap better with the 6s͑Au͒ AO than the 6p 3/2 AOs of the lighter homologs.
In RnAu/118Au ͓Figs. 5͑a͒ and 5͑b͔͒, where the number of antibonding electrons is the largest ͑systems with one electron hole͒, D e drops drastically. The reason for such a drop is closed-shell ground states of Rn and element 118 resulting in the large electron-electron repulsion: the last electron in 118Au is in the strongly antibonding 1 / 2 ‫ء‬ MO of the following composition: 0.60͉6s 1/2 ͑Au͒͘ + 0.34͉7p 3/2 ͑118͒͘. ͑The 7s and 7p 1/2 AOs of element 118 are not involved in bonding in 118Au. There is no 7p-8s hybridization either.͒ 118Au turns out to be more bound than RnAu, since the 7p 3/2 ͑118͒ AO is more destabilized than the 6p 3/2 ͑Rn͒ AO ͓Figs. 5͑a͒ and 5͑b͔͒. Such a reversal of the trend in D e ͑MAu͒ in this group ͑Fig. 2͒ is similar to that found for D e ͑M 2 ͒.
14 The higher reactivity of element 118 in comparison with Rn was also demonstrated by calculations for other compounds. also 34 This difference is obviously due to the scalar relativistic approximation of the latter. For the 6p elements, there is a slight decrease in R e from TlAu to PbAu due to the decreasing R max ͑np 1/2 ͒ AOs. In Bi, Po, and At, the effect of decreasing involvement of the gradually contracted 6p 1/2 AO in the row is compensated by increasing involvement of the more extended 6p 3/2 AOs, so that R e stay about the same. There is a drastic increase in R e in going over to RnAu, related to the weakest M-Au bond among the considered systems.
R e of the 7p dimers are larger than those of the 6p homologs. The participation of different types of AO in bonding in TlAu and 113Au explains the longer bonds of the latter: R max of the 7p 1/2 ͑113͒ and 6d 5/2 ͑113͒ AOs are larger than R max of the 6s͑Tl͒ AO ͑see discussions in Ref. 20͒ . R e ͑MAu͒ of the 7p elements with Z Ͼ 113 are larger that R e of the 6p homologs due to the involvement of the more expanded 7p 3/2 AOs. An increase in R e from 113Au to 114Au is due to some admixture of the 7p 3/2 AOs and the fact that the HOMO in 114Au is of partially antibonding character. The largest R max ͓͑7p 3/2 ͒AO͔ of element 115 among the considered elements ͓Fig. 1͑b͒ in Ref. 14͔ explains the slightly pronounced peak in R e at 115Au, with the exception of 118Au. A further decrease in R e toward 117Au is related to the steady decrease in R max ͓͑7p 3/2 ͒AO͔ in the row. A drastic increase in R e is observed at 118Au related to the weakest bond among the 7p dimers. A reversal of the trend in the R e ͑MAu͒ values in group 18 corresponds to the reversal of the trends in their D e values. The same trends, perhaps with larger error limits, are seen in the single-bond covalent radii. 35 Vibrational frequencies of the M-Au ͑M = Hg-Rn; Cnelement 118͒ bond are shown in Fig. 7 ͑see also Table I͒. The trends in the rows and groups are related to those in the D e values ͑Fig. 2͒, however w e of 115Au through 117Au are lower than that of BiAu through AtAu, respectively.
Effective net charges Q M of MAu obtained a result of the Mulliken analysis
33 of the electron density distribution are given in Table III and shown in Fig. 8 . Q M show interesting and different trends in the 6p and 7p rows. Element 113 is less electropositive than Tl, element 114 is almost equally electropositive to Pb, while elements 115 through 118 are more electropositive than their 6p homologs. These trends can be rationalized by looking at the energy levels of the valence AOs ͑Fig. 1͒, because there is a charge transfer from the np͑M͒ AOs to the 7s͑Au͒ AO. Thus, in the sixth row, the trend in the energies of the 6p 1/2 ͑Tl͒ −6p 1/2 ͑Pb͒ −6p 3/2 ͑Bi͒ −6p 3/2 ͑Po͒ −6p 3/2 ͑At͒ AOs ͑Fig. 1͒ with the maximum at Tl is related to the trend in the Q M values of the corresponding 6p dimers ͑Fig. 8͒. In the seventh row, the trend in the 7p 1/2 ͑113͒ −7p 1/2 ͑114͒ −7p 3/2 ͑115͒ −7p 3/2 ͑116͒ −7p 3/2 ͑117͒ AO energies, with the maximum at element 115, defines the trend in the Q M values with a peak at 115Au. The trend to a decrease in Q M toward the end of the p-series is in line with increasing electronegativities of the p-elements in this direction, due to the increasing affinity toward completing the p-electron shells. There is, however, a drastic increase in Q M in RnAu and 118Au, because there is no possibility for Rn and element 118 to accept electron density from Au ͑as it is maximally happens in AtAu and 117Au͒, so that the density can only be donated from these elements to Au.
The trends in Q M in MAu from the 6p to the 7p elements are in line with the trends established for lighter MAu homologs in these groups. For example, in group 14, Q M is 0.22 for Ge, 0.25 for Sn, 0.29 for Pb, and 0.31 for element 114. In group 15, Q M are 0.09 for As, 0.15 for Sb, 0.21 for Bi, and 0.45 for element 115. This is also in line with the trends in the electronegativities in these groups.
IV. ESTIMATES OF THE ADSORPTION ENTHALPIES ON GOLD
Cluster size convergence studies of the M -Au n binding energies usually start with n = 1, i.e., with the M-Au dimer. Results of our 4c-DFT calculations for M = Hg, Pb, Cn, and element 114 interacting with the Au n ͑1 Յ n Յ 120͒ clusters have shown that differences in E b between the M -Au n systems stay about the same independent of the gold cluster size and adsorption position. 19 Thus, trends in D e ͑MAu͒ can already give a first indication about trends in E b ͑M-Au n ͒ and finally in −⌬H ads ͑M͒ on gold. Figure 9 summarizes all known cases of the interaction of the 6p and 7p elements ͑as well as of Hg and Cn͒ with gold: presently calculated D e ͑MAu͒, where M = Hg through Rn, and Cn through element 118; 4c-DFT calculated 19 E b ͑M-Au n ͒, where M = Hg, Pb, Cn, and element 114; calculated via semiempirical models −⌬H ads of Hg through Po, and of Cn through element 116, 36 as well as measured −⌬H ads of Hg through Rn, and Cn on gold. 10, [37] [38] [39] [40] [41] One can see that trends in the binding energies of the 6p elements in the row, predicted and measured, are overall in agreement with each other; even absolute values are about the same.
For the seventh row, the situation is different. The various predictions are in agreement for elements 113 and 114 only. They disagree, however, for Cn and elements 115 through 117. Approximately equal D e ͑MAu͒ of the group 15 through 17 counterparts calculated here suggest that the heaviest elements should be almost as strongly adsorbed on gold as their lighter homologs, while element 118 even stronger than Rn. In contrast, the early predictions via semiempirical models 36 show systematically lower −⌬H ads for all the 7p elements, as well as for Cn. The reason for this difference is the following. The key parameters of the heaviest elements used in the models 36 ͑such, e.g., as electronegativity͒ are obtained via linear extrapolations with Z in the groups. As a result, obtained there −⌬H ads decrease linearly with Z, as ⌬H f ͑g͒ do. The present relativistic calculations show, however, that the M-Au bond does not change linearly with Z in the groups, nor does it generally correlate with the M-M one ͑Fig. 2͒.
Thus, for Hg and Cn adsorbed on gold, the semiempirical models give a much lower −⌬H ads ͑Cn͒ of 0.12 eV ͑Ref. 36͒ in comparison with −⌬H ads ͑Hg͒ = 1.01 eV, while the 4c-DFT calculated 19 group, there is a correlation between D e ͑M 2 ͒ and D e ͑MAu͒, as well as there should be one between ⌬H f ͑g͒ and −⌬H ads .
In the rows of the 6p and 7p elements, there is no linear correlation between D e ͑MAu͒ and D e ͑M 2 ͒ ͑Fig. 2͒, as well as there should be none between ⌬H sub and −⌬H ads , since the type of the M-Au and M-M bonding is different in each group and does not change in a similar way in the rows. Figure 11 shows the different trends in the measured ⌬H sub ͑Ref. 42͒ and −⌬H ads on gold [37] [38] [39] [40] [41] for the 6p elements, revealing no good correlation between these quantities ͑not really a linear correlation in Fig. 12͒ . A similar situation is expected in the row of the 7p elements. It is then self-evident that a linear ͑!͒ correlation between ⌬H sub and −⌬H ads , as that used in Refs. 8 and 40, is not valid throughout the Periodic Table of the elements. Naturally, extended cluster calculations are needed to confirm these expectations for ⌬H ads . In this connection, we would like to comment on the recent publication of Zaitsevskii et al. 26 on the 2c-DFT and fourth-order Møller-Plesset many-body perturbation theory, MBPT+ SO, calculations of Hg and Cn interacting with small gold clusters, where the reliability of the relativistic DFT methods in treating adsorption phenomenon has been questioned. In that article, it was stated that the DFT calculations may underestimate adsorption energies of Hg and especially that of Cn on gold due to the known deficiency of these methods in treating closed-shell interactions. ͑However, all the systems under study are open-shell systems with a charge transfer, so that the role of the closed-shell interaction should be negligible͒. The conclusions of Ref. 26 were drawn from the calculations for the very small M -Au n ͑M = Hg and Cn; n = 1, 4, and 6͒ clusters, so that the authors state themselves that their "results cannot be used for estimating the Cn/Au adsorption energy quantitatively, because of the simplicity of the cluster models and possible insufficiency of single-reference perturbation approach." In addition, the DFT data for HgAu 4 presented in the paper 26 deviate from the trends observed in the rows of MAu n ͑M = Hg and Cn͒ with increasing "n" ͑see Table I there͒ resulting in E b ͑Hg-Au 4 ͒ Ͻ E b ͑Cn-Au 4 ͒. This is opposite to the relation of the experimental 10 −⌬H ads ͑M͒ on gold and E b ͑M-Au 4 ͒ of Hg and Cn calculated earlier by these authors. 23 This is indicative of a possible error in the latest calculations. 26 Our cluster size converged 4c-DFT calculations 19 for MAu n ͑M = Hg, Pb, Cn, and element 114; 1 Ͻ n Ͻ 120͒, with appropriate cluster modeling of the Au͑111͒ surface and for all possible adsorption positions, have shown excellent agreement of the binding energies in the preferred sites with the experiments on Pb and Cn. 10 For Hg, adsorption on the gold surfaces was considered ͑see page 084713 in Ref. 19͒ , and adsorption in the gold surface layers is being presently studied. For element 114, where both our calculations 19 and those of Zaitsevskii et al. 25 indicate that it should be stronger adsorbed on gold than Cn, one has to await the publication of the most recent experimental observations. 12 Therefore, we state that relativistic DFT is, indeed, a capable approach for describing adsorption of these elements on metal surfaces, as long as appropriate surface models are employed.
V. SUMMARY
The 4c-DFT calculations of spectroscopic properties of the MAu dimers of the 6p and 7p elements have shown that M-Au bonding changes in a different way in the chemical groups in going from the sixth to seventh row. Thus, there is a decrease in the M-Au bond strength in groups 13 and 14, in line with a decrease in the M-M one. Accordingly, −⌬H ads of the 7p elements on gold should be smaller than −⌬H ads of their 6p homologs, in line with decreasing ⌬H sub . In groups 15 through 17, the M-Au bond strength is about the same for the 6p and 7p homologs, while the M-M one decreases. Thus, one can expect almost equal −⌬H ads of Bi and element 115, Po, and element 116, as well as At and element 117 on gold, while ⌬H sub should decrease in these groups. In group 18, the 118-Au bond strength is larger than the Rn-Au one, in line with the M-M bonding. −⌬H ads ͑118͒ should, therefore, be larger than −⌬H ads ͑Rn͒, in agreement with ⌬H f ͑118͒ Ͼ⌬H f ͑Rn͒. Thus, no correlation is found between the M-Au and M-M bonding, as well as none is expected between ⌬H sub and −⌬H ads on gold in groups 15 through 17. No linear correlation between these quantities is established in the row of the 6p elements, as well as none is expected in the row of the 7p elements. Extended cluster M -Au n calculations are desirable to confirm these conclusions.
Thus, the case of the p-elements with strong relativistic effects on their electron shells shows that linear extrapolations of properties, such as D e ͑MAu͒ or −⌬H ads , from lighter homologs in the groups may be unreliable. One can generally not expect a correlation between the M-M and M-Au bond strength, as well as between ⌬H sub and −⌬H ads ͑on gold͒ in the chemical groups and rows either: needless to say that bonding of an element with itself is not related to its bonding with another element ͑gold͒. ͑A correlation, not necessarily linear, may occur in a group provided the type of bonding is similar in both cases͒. In no case is a linear correlation valid throughout the Periodic Fig. 11͒ .
